Maintaining and restoring connectivity in landscapes fragmented by roads
A N T H O N Y P . C L E V E N G E R A N D J A C K W I E R Z C H O W S K I

IN T RO DU CT IO N
Transportation networks and systems are vital to today's economy and society (Button and Hensher 2001) . Not only do roads provide for safe and efficient movement of goods and people across cities and continents, throughout the world they have become a permanent part of our physical, cultural, and social environment (Robinson 1971; Lay 1992 ). Roads and their networks are one of the most prominent human-made features on the landscape today (Sanderson et al. 2002) . Compared to polygonal blocks of built areas, road systems are linear and etched into the landscape to form a woven network of arteries that maintain the pulse of societies. However, as road networks extend across the landscape and their weave intensifies, natural areas become increasingly fragmented and impoverished biologically (Forman et al. 2003) .
Although less studied compared to other agents of fragmentation, roads cause changes to wildlife habitat that are more extreme and permanent than other anthropogenic sources of fragmentation (Forman and Alexander 1998; Spellerberg 2002) . Road networks and systems not only cause conspicuous changes to physical landscapes, but also alter the patterns of wildlife and the general function of ecosystems within these landscapes (Swanson et al. 1988; Transportation Research Board 1997; Olander et al. 1998) . Busy roads can be barriers or filters to animal movement (Hels and Buchwald 2001; Rondinini and Doncaster 2002; Chruszcz et al. 2003) and in some cases the leading cause of animal mortality (Maehr et al. 1991; Jones 2000; Kaczensky et al. 2003) . Sustainable transportation systems must provide effectively for natural processes and biodiversity, and safe and efficient human mobility.
Over the last decade, federal land management and transportation agencies have become increasingly aware of the effects of roads on wildlife. Significant advances in our understanding of these impacts have been made; however, the means to adequately mitigate these impacts have been slower in coming. Effective wildlife fencing and crossing structures can significantly reduce many harmful impacts of roads on wildlife populations (Kistler 1998; Clevenger et al. 2001a; Cain et al. 2003 ). Yet currently there is limited knowledge on the design of wildlife crossing systems that promote sustainable wildlife populations and functioning ecosystems (Transportation Research Board 2002a) . Knowledge of the locations of primary wildlife crossings and/or problem areas is the first step in planning mitigation on highways; however, few methodological approaches to identify and prioritize these key areas have been explored. Departments of Transportation, resource agencies, universities, and non-governmental organizations have attempted to fill this gap by conducting workshops, often with Department of Transport sponsorship; biologists, researchers, and regulatory specialists come together in a workshop setting to make decisions on conservation and connectivity needs based on analysis of best available environmental data (see Beier et al. Chapter 22) . Anticipated population growth and ongoing highway investments in most regions, coupled with the resounding concern for maintaining large-scale, landscape connectivity, have generated increasing interest in wildlife crossings or mitigation passages as conservation tools.
The impact of transportation systems on wildlife ecology and remedial actions to counter these effects is an emerging science. Research remains scarce on the influence of road systems on habitat fragmentation and the conservation value of crossings in restoring connectivity (Spellerberg 2002; Transportation Research Board 2002b; Forman et al. 2003) . Moreover, research has primarily focused at the level of individuals and single species (Guyot and Clobert 1997; Ortega and Capen 1999; Gibbs and Shriver 2002) . Key questions remain regarding population-and community/ecosystem-level impacts of roads and the benefits of wildlife crossings to reduce those impacts Waltho 2000, 2005; Underhill and Angold 2000) .
In this chapter, we discuss roads as agents of habitat fragmentation and means of restoring connectivity across roads with wildlife crossings. Developing strategies to mitigate road impacts begins with a step-wise approach that contemplates project goals and context, followed by decisions regarding specific placement and design of the measures implemented. We describe some general guidelines used in the planning process, information needs, and practical applications. As part of a project evaluating mitigation measures along the Trans-Canada Highway in Banff National Park, Alberta, Canada, we present several geographic information system (GIS)-based approaches to model animal movements for planning sustainable transportation projects.
ROADS AS AGENTS OF HABITAT FRAGMENTATION
The impact of roads on wildlife has been the focus of many studies (Canters 1997; Evink et al. 1999; Forman et al. 2003) . These studies show that roads affect wildlife in numerous ways (Reijnen and Foppen 1994; Vos and Chardon 1998; Sweanor et al. 2000) . Apart from the most obvious direct impact of wildlife mortality, roads affect habitat by changing habitat condition and levels of connectivity.
Habitat change
Road construction and improvements result in habitat loss for wildlife by transforming natural habitats to pavement and cleared roadsides or verges. Some species are more vulnerable to habitat loss than others. For example, species such as wide-ranging carnivores, with large area requirements, relatively low densities, and low reproductive rates, tend to be the most sensitive to road-induced habitat loss (Trombulak and Frissell 2000; Carroll et al. 2001; Carroll Chapter 15) , although road networks also affect other taxa, such as herpetofauna (Vos and Chardon 1998; Gibbs and Shriver 2002) . Road construction can increase the amount of edge habitat in a landscape due to the long thin shape of roads, resulting in a decrease in the amount of habitat for interior, edge-sensitive species. Metapopulation theory suggests that more mobile species are better able to tolerate habitat loss (Hanski 1999 ), yet mortality of individuals in the matrix habitat (e.g., road corridors) does not typically figure into metapopulation theory (Taylor et al. Chapter 2; Moilanen and Hanski Chapter 3) . Studies have shown that when mortality is high in the matrix habitat, highly mobile species are actually more vulnerable to habitat loss (Carr and Fahrig 2001; Gibbs and Shriver 2002) .
Roads and disturbance from traffic also can reduce the quality of nearby habitat. Disturbance from roads can affect wildlife behaviorally and numerically. Behavioral responses can be of two types: (1) an avoidance response (avoidance zone) associated with regular or constant disturbance from high-volume highways, and (2) avoidance due to irregular, individual disturbances generally found on roads with less traffic. Numerical responses from roads consist of a decrease in abundance or density of breeding individuals. There are many examples of numerical responses by wildlife, primarily birds, to an array of road types and traffic disturbance (Van der Zande et al. 1980; Reijnen and Foppen 1994) .
Alternatively, wildlife can be attracted to road corridors or roads themselves for a variety of reasons, often as a result of conditions related to habitat (nesting, living space) or food resources. For example, higher use by raptors and ravens of roadsides compared to adjacent habitat was due to the greater availability of perch sites and wide verges (Knight and Kawashima 1993; Meunier et al. 2000) . Road construction also can create high-quality habitat where food resources are more abundant compared to adjacent areas. Lush forage created by fencing along medians and verges attracts herbivores, from microtine rodents to large mammals such as deer and elk. Locally abundant small-mammal populations living in these fenced-off areas become targets for avian and terrestrial predators such as owls, hawks, coyotes, and foxes. With prey and their predators foraging close to traffic in the road corridor, collisions with vehicles are inevitable, thus resulting in roadside carrion and attracting aerial and terrestrial scavengers if not promptly removed.
Connectivity
Landscape connectivity is the degree to which the landscape facilitates animal movement and other ecological flows (Forman 1995; Bennett 1999; Taylor et al. Chapter 2) . High levels of landscape connectivity occur when the matrix areas of the landscape comprise relatively benign types of habitats without barriers, thus allowing organisms to move freely (Tischendorf and Fahrig 2000) . Reduced landscape connectivity and impeded movements due to roads may result in higher mortality, lower reproduction, and ultimately smaller populations and lower population viability (Gerlach and Musolf 2000; Keller and Lagiardèr 2003) . These deleterious effects have underscored the need to maintain and restore essential movements of wildlife across roads, particularly those with high traffic volumes.
Fragmentation effects caused by roads begin as individual animals become reluctant to move across roads to access mates or otherwise preferred habitats for food and cover. This aversion to roads is generally attributed to road features (traffic volume, road width) or habitat changes caused by the road. High-volume roads have the greatest impact in blocking animal movements (Brody and Pelton 1989; Rondinini and Doncaster 2002; Chruszcz et al. 2003 ). Yet secondary highways and unpaved roads can impede animal movements as well (DeMaynadier and Hunter 2000; Develey and Stouffer 2001; Laurance et al. 2004) . Ultimately, the barrier effect of a road (i.e., the ''hardness'' of the edge) will impact populations differently depending on species behavior, dispersal ability, habitat needs, and population densities (Lima and Zollner 1996; Cassady St Clair 2003) . For example, an open road corridor with grasscovered verges can be a formidable barrier to a forest-specialist small mammal regardless of mortality risks due to vehicles on the roadway. In the last decade, studies have begun assessing barrier permeability and dispersal success of animals in a patch-matrix landscape (Lima and Zollner 1996; Tewksbury et al. 2002) .
Although roads can limit movement of some taxa, they can potentially facilitate dispersal and range extensions of others, including both native and non-native species, although such evidence is limited (Spellerberg and Gaywood 1993) . Studies in Holland and Australia have reported increased movement along roads by small mammals and invertebrates, suggesting they are able to connect core habitats using road verge habitat (Vermeulen 1994; Straker 1998) . The US Interstate Highway System, bordered by dense grass, has created an extensive array of potential avenues for dispersal by grassland fauna throughout the country (Huey 1941; Getz et al. 1978) . Although large carnivores often occur at lower densities in highly roaded areas, predators can utilize roads for movement because they provide ease of travel and greater access to prey (Koehler and Brittell 1990; Thurber et al. 1994; James and Stuart-Smith 2000) . The extent to which roads influence the distribution and abundance of non-native fauna is poorly known (May and Norton 1996; Forman et al. 2003) . In Australia, non-native cane toads were more abundant on road surfaces, using them as dispersal corridors, than in many surrounding habitats (Seabrook and Dettman 1996) . In general, despite roads being a dominant and permanent landscape feature, relatively few studies have investigated road systems and their role in habitat fragmentation (see Gibbs 1998 ).
M AI N T A I N I N G A N D R E S T OR I N G C O N N E C T I V I T Y A C R OS S R O A D S Mitigation of road impacts on connectivity
One of the earliest recommendations to arise from studies of habitat fragmentation was that habitat patches linked by a corridor of similar habitat are likely to have greater conservation value than isolated fragments of similar size (Diamond 1975 ). This early recommendation was based entirely on theory of island biogeography (MacArthur and Wilson 1967) . Since then, there has been widespread interest in corridors as conservation measures (Saunders and Hobbs 1991; Beier and Noss 1998; Bennett 1999; this volume) . Wildlife crossings are designed to link critical habitats and provide safe movement of animals across busy roads. Typically they are combined with high fencing and together are proven measures to reduce road-related mortality of wildlife and restore movements (Foster and Humphrey 1995; Clevenger et al. 2001a; Cain et al. 2003) . In recent years there has been an increase in construction of crossings in North America and worldwide (McGuire and Morrall 2000; Goosem et al. 2001; Bank et al. 2002) . The US Transportation Equity Acts of the last decade have enabled mitigation passages to be part of the early stages of highway project planning and thus more are being built today (US Department of Transportation 1999; Marshik et al. 2001) . With the reauthorization of the Transportation Equity Act in August 2005, we will continue to see more wildlife crossings in future highway construction and improvement projects in the USA.
Function and performance of wildlife crossings
The principles of corridor theory can be applied to wildlife crossings to help assess how well they function. Until now, the general idea of how well a crossing ultimately performs has not gone far beyond the simplest level of scrutiny À if animals use it, then it is working and must be functional. Answering this question is difficult, although it appears to be simple and straightforward. There are many interpretations of what functional and well-performing wildlife crossings should do. Beier and Noss (1998) reported that generalizations about the conservation value of habitat corridors remain elusive because of the species-specific nature of the problem. The same is true for wildlife crossings, as there is no common answer to the questions ''Do wildlife crossings provide connectivity?'' or ''Are wildlife crossings performing''? These questions only make sense when referring to a particular focal or target species (Crooks and Sanjayan Chapter 1; Taylor et al. Chapter 2; Noss and Daly Chapter 23). However, we know that species do not function in isolation but are components of ecological systems that inherently fall into the category of organized complexity (Allen and Starr 1982; O'Neill et al. 1986) . Consequently, any single-species mitigation structure may have cascading effects (some positive, some negative) on other non-target species. If mitigation measures for habitat connectivity are to succeed, then it is paramount that a multi-taxonomic approach be adopted to evaluate the efficacy of such mitigation on nontarget species as well. If the goal of wildlife crossings is to maintain biological diversity at multiple levels of organization (Noss 1990; Redford and Richter 1999) , then means of evaluating measures of crossing structure efficacy can become quite complex.
Measuring wildlife crossing performance and conservation value
Most studies of wildlife crossings have simply described the number of species using crossings and their frequency of use (Foster and Humphrey 1995; Taylor and Goldingay 2003; Ng et al. 2004) . Others have used passage data as a dependent variable to identify factors that facilitate passage by wildlife (Yanes et al. 1995; Rodríguez et al. 1996; Waltho 2000, 2005) . Few studies have actually measured performance of mitigation in meeting design goals (Woods 1990; Clevenger et al. 2001a; Cain et al. 2003) . Until now, virtually all studies have been focused at the level of individuals and suggested benefits at the population level. We are not aware of any studies that have empirically addressed whether wildlife crossings enhance or diminish the population viability of species impacted by roads.
After several decades of increased activity building wildlife crossings, engineers and land managers still lack guiding principles as a large void exists in devising functional designs based on criteria that are relevant to real conservation decisions. This is largely because few studies have rigorously evaluated the efficacy of wildlife crossings (Romin and Bissonette 1996; Forman et al. 2003) . There are approximately 100 highway passages built specifically for wildlife in North America (Evink 2002 ). Yet seldom are monitoring programs part of mitigation projects. When monitoring is conducted, rarely is it designed to evaluate performance based on pre-and post-construction tests (Hardy et al. 2003) . Thus, results from most studies are based on anecdotal information. Furthermore, monitoring is generally for short periods and fails to address the need for wildlife to respond to such large-scale landscape change. Such adaptation periods can take several years depending on the species as they experience, learn, and adjust their own behaviors to the wildlife crossings (Opdam 1997; Clevenger et al. 2002a) . Small sampling windows, typical of 1-or 2-year monitoring programs, are too brief, can provide spurious results, and do not adequately sample the range of demographic and behavioral variability in most wildlife populations.
Wildlife crossings are in essence site-specific movement corridors strategically placed over a deadly matrix habitat of pavement and high-speed vehicles. Consequently, crossings that function as habitat or landscape connectors should allow for the following: (1) movement within populations and genetic interchange; (2) biological requirements of finding food, cover, and mates; (3) dispersal from maternal ranges and recolonization after long absences; (4) redistribution of populations in response to environmental changes and natural disasters; and (5) long-term maintenance of metapopulations, community stability, and ecosystem processes. These functions encompass the three levels of biological organization, i.e., genes, speciesÀpopulation, communityÀecosystem (see Noss 1990) .
Measuring the conservation value of wildlife crossings is a complex and time-consuming task. Nonetheless, it is important to have clear goals and objectives for proper assessment. Up until now, few monitoring efforts were designed to test specific hypotheses (Forman et al. 2003) . Hypothesis testing will aid in better understanding whether crossings enhance the population viability of species. Some questions may be broad or general and require answers from several scales and perspectives. General principles have to be well founded, and they are often based on intensive studies of the life histories of animals in local environments. The hierarchy concept also recognizes that effects of environmental stresses from roads and traffic can reverberate through other levels, often in unpredictable ways, as secondary and cumulative effects.
We provide an example of how a monitoring and assessment project might be implemented using the following eight steps. These guidelines provide a framework that can be used to design monitoring schemes to evaluate the conservation value of wildlife crossings:
1. Establish goals and objectives. What are the mitigation goals? In many cases, the goals are to reduce wildlifeÀvehicle collisions and/or reduce barrier effects to movement and maintain genetic interchange. 2. Establish baseline conditions. To develop a mitigation scheme it will be important to determine the extent, distribution, and intensity of road impacts to wildlife in the area of concern. The impacts may consist of mortality, habitat loss, habitat fragmentation (reduced movements), or some combination thereof. In most cases, the conditions occurring pre-construction/mitigation will comprise the baseline. 3. Identify specific questions to be answered by monitoring. These questions will be formulated from the goals and objectives identified in
Step 1 
W I L D L I F E CRO S SI N G P L A CE M E N T
The previous section has shown that decision-making in the design of effective wildlife crossings has been hampered by lack of study. Determining placement of wildlife crossings is even more of a challenge given the few methodological approaches. Transportation planning has generally considered a one-dimensional linear zone along the highway. Thus the engineering and design dimensions have been the main concern for planners. However, we know the ecological effects of roads are far greater than the road itself and can be immense and pervasive (Forman and Alexander 1998; Trombulak and Frissell 2000) . Due to the broad landscape context of road systems, it is essential to incorporate landscape patterns and processes in the planning and construction process (Forman 1987) . When used in a GIS environment, regional or landscape level connectivity models can facilitate the identification and delineation of barriers and corridors for animal movement (van Bohemen et al. 1994; Bekker et al. 1995) . This provides for the development of a more integrated land-management strategy. In this section, we look at questions regarding spatially explicit mitigation planning and their methodologies, focusing primarily on an unmitigated section of the Trans-Canada Highway in Banff National Park, Alberta (phase 3B) (Fig. 20.1 ). Our case study area represents an exceptionally problematic area of the Greater Rocky Mountain ecological network (Noss et al. 1996; Page et al. 1996) . This work was part of a larger research project aimed at evaluating highway mitigation measures and road impacts to wildlife where a major transportation corridor bisects a critically important protected area. We developed several GIS-based approaches to model animal movements across the Trans-Canada Highway. The modeling exercise varied depending on model objectives and research questions.
Situated approximately 120 km west of Calgary, Banff is the most heavily visited national park in North America with over 5 million visitors (Woods 1990; McGuire and Morrall 2000) . These mitigated sections of highway are referred to as phase 1, 2, and 3A (see Fig. 20 .1).
In 2005, expansion to four lanes with construction of fencing and wildlife crossings began on the remaining 30 km section between Castle Mountain junction and the border with British Columbia (phase 3B). Our modeling efforts focused on this unmitigated section of highway, specifically to identify and prioritize locations for mitigating highway impacts on wildlife habitat connectivity and road-related mortality.
The first modeling approach, although not specifically applied to guide mitigation on the Trans-Canada Highway, explores a real-life transportation dilemma, where wildlife crossings need to be built on a stretch of highway, but baseline information is lacking and time constraints do not allow for pre-construction data collection. To do this, we developed two expert-based models to identify cross-highway habitat linkages and potential locations for mitigation measures, and compared these predictions to an empirically based habitat model.
The second and third approaches are real Banff applications. They are based on the use of empirical data and reflect a situation where preconstruction data were available to develop linkage models from species' habitat use patterns and spatial analysis using a GIS. We created models at two different spatial scales that simulate animal movements across the Trans-Canada Highway. In the first, we created regional-scale, spatially explicit species movement models for identifying potential highway mitigation areas along the unmitigated section of the Highway, and to help assess whether placement of the existing wildlife crossings on the mitigated stretch of the Highway was appropriate (see Fig. 20.1 ). These models were generalized, and predicted crossing locations accordingly had a relatively wide margin of error (¼ 1000 m).
In the third and last approach, movement modeling was taken one step further. We modeled movements at the local level, which is the appropriate scale and resolution for accurately predicting the locations of key highway crossing areas and future mitigation placement. Recommendations for identifying and prioritizing future placement of wildlife crossings on the unmitigated Trans-Canada Highway were based on this work (Clevenger et al. 2002a) .
Expert-based linkage models
Planning the most suitable location for wildlife crossings is typically derived from road-kill information (Evink 1996) ; however, where animals unsuccessfully cross roads are not necessarily the same locations where they are able to successfully cross (Clevenger et al. 2002a) . Other means of locating crossings might use data obtained from monitoring animal movements along roads (Evink 1996; Kobler and Adamic 1999; Thompson 2003) . Rarely are good pre-construction data available before construction or sufficient time given to acquire these data.
Expert information can be used to develop simple, predictive, habitat linkage models in a relatively short period of time (Marcot 1986; Clevenger et al. 2002b; Yamada et al. 2003) . The objective of this exercise was to determine the accuracy of expert-based models and whether they might be a useful tool for mitigation planning under data and time constraints. For a single species, black bears, we developed three different but spatially explicit habitat models to identify linkage areas across the Trans-Canada Highway. One model was based on empirical data, while the other two were based on expert opinion and expert literature. We used the empirical model as a yardstick to measure the accuracy of the two expert-based models (Clevenger et al. 2002b) . We selected black bears to model habitat use and identify linkage areas because we had sufficient empirical data to build a habitat model and enough data from crossings and mortality locations to validate it.
Methods
Empirical model We developed the empirical habitat model by first determining the habitat requirements of black bears in the study area using radiolocation data and a suite of biophysical variables, such as elevation, aspect, and slope. A habitat suitability model was then developed using a resource selection function and probability of occurrence (PO) classes. We defined four PO categories: low (<25%), moderate (25À50%), high (50À75%), and very high (475%) probabilities that bears would occupy an area. We generated a stratified random sample of points (n ¼ 580) to compare with the biophysical variables within each of the PO categories (see Clevenger et al. 2002b 
for details).
Expert models Expert habitat models were developed as weighted linear combinations of each model's layers (biophysical variables) obtained by (a) expert opinion or (b) review of the literature on black bear habitat requirements. We used the pair-wise comparison method developed by Saaty (1977) in the context of a decision-making process known as the analytical hierarchy process (Rao et al. 1991; Eastman et al. 1995) . The procedures for carrying out the expert modeling process are described in detail in Clevenger et al. (2002b) . Seasons were defined based on the biological needs of bears: pre-berry (den exit to July 15) and berry (July 16 to den entry). Five habitat variables were selected by experts to be used in the analysis: elevation, slope, aspect, greenness, and distance to nearest drainage.
Linkage zone identification and data analysis We identified highway crossing/habitat linkage zones for the empirical and expert models based on the assumption that: (1) the probability of a bear crossing a highway increases in areas where the highway bisects high-quality bear habitat; and (2) the highest probability of crossings occur in areas where topographic and landscape features are conducive to lateral, cross-valley movements. For each model we generated four classes of linkage zones based on juxtaposition of habitat and human development adjacent to the highway (see Clevenger et al. 2002b) . We then tested our linkage zone predictions for each of the three models using an independent data set of 37 black bear crossing and mortality locations. These were acquired by intensive radiotracking of movements and by mortality locations obtained by a spatially accurate (<3 m error), global positioning system (GPS) unit. We generated random points of highway crossings, equal in sample size to the actual crossing data, and calculated the distances from both sets of points to the linkage zones predicted for each model.
Results and discussion
Our tests showed that the empirical habitat model was statistically sound. The overall cross-validated classification accuracy was 87% and the model correctly classified 79% of the radiolocations into prime black bear habitat. Through the statistical analysis of crossing data and random points we found that the Class III linkages (sections of the Highway that crossed prime bear habitat and were¸250 m away from any permanent human development) were most accurate for mapping cross-highway movement for all three models; crossing and mortality locations were significantly closer to Class III linkages predicted by the models than random points.
Our findings confirmed that the expert-literature-based model was consistently more similar and conformed to the empirical model better than the pre-berry and berry expert-opinion-based models. These results were based on the test of distribution of the actual crossing and mortality locations in relation to the modeled linkages, the descriptive characteristics of the Class III linkages, the measure of agreement between models, and the measure of agreement between model linkage zones (see Clevenger et al. 2002b) .
We believe the poor predictive power of the expert-opinion-based model can be attributed to an overestimation of the importance of riparian habitat, as compared to the opinions expressed in the literature. Another possible explanation is that the expert-literature model is based on an analytical process (data collected, statistically analyzed, and summarized), whereas the expert-opinion model is based on information taken from how experts perceive attributes from memory and experience.
Regional-scale movement models
Broad-scale GIS-based linkage models have been developed to evaluate habitat fragmentation resulting from human activities and to identify predominant landscape permeability patterns for wildlife (Servheen and Sandstrom 1993; Carroll Chapter 15) . GIS weighted-distance and least-cost corridor analysis also has been used to evaluate landscape permeability, primarily for large carnivores (Walker and Craighead 1997; Kobler and Adamic 1999; Singleton et al. 2002; Theobald Chapter 17) . The spatial resolution of nearly all of the above models was relatively large (¸1000 m) as some linkage and corridor maps covered large regions, entire states, or several contiguous states (e.g., northern US Rocky Mountains).
Simple individual-based movement models have been used successfully to simulate responses of animals to their habitat and terrain features (Boone and Hunter 1996; Turchin 1998; Tracey Chapter 14) . We modeled movement patterns of large mammals at a regional scale in the Central Canadian Rocky Mountains using rules for simulated movements based on habitat quality and permeability of landscape elements. We were interested in using a GIS to determine whether easily available spatial data can successfully describe key linkages and crossing areas for large mammals across busy transportation corridors.
Specifically the aims of this work were: (1) to develop regional habitat suitability models for four wide-ranging large mammal species (black bear, grizzly bear, moose, and elk); and (2) create regional-scale movement models for the four species, indicating the location of potential mitigation based on the intersection of predicted pathways with transportation corridors (Clevenger et al. 2002b) . We also identified potential locations for future mitigation on phase 3B of the Highway, and compared the placement of existing wildlife crossing structures on phases 1, 2, and 3A to the predicted regional movement pathways. The results are being used to provide land managers with an empirical assessment of the impediments transportation corridors pose to the regional movement patterns of wildlife in an exceptionally problematic area of the Rocky Mountain cordillera.
Methods
Habitat model We modeled regional scale movements of black bear, grizzly bear, moose, and elk and identified their potential linkage areas across the Trans-Canada Highway. These species were selected because: (1) they exhibit long-ranging movement patterns and potential for interactions with transportation corridors in the study area (Noss et al. 1996; Carroll et al. 2001) , (2) sufficient empirical location data were available to construct predictive spatial models of habitat suitability, and (3) empirical crossing and mortality data were available to independently test the models. Habitat suitability models were developed using a resource selection function, as described for the expert models earlier.
We stratified the radiolocation data for bears into pre-berry and berry seasons, and for ungulates into summer (moose: MayÀOctober; elk: AprilÀ October) and winter (moose: NovemberÀApril; elk: NovemberÀMarch) seasons.
Movement model
We based the movement component of the model on the least-cost movement principle (Theobald Chapter 17) and quantified the effects of slope angle and orientation (with respect to movement direction) on movement pathway. We used the habitat probability surfaces for the habitat component of the movement model. We simulated the movement pathways for each species by identifying 11 potential entry and exit points located outside the Bow Valley and the Trans-Canada Highway transportation corridor. Entry and exit points were situated in high-quality, valley bottom habitat, the most likely population source areas from which animals would be expected to disperse. For any given pair of entryÀexit points there were three iterations resulting in three different pathways. The first iteration simulated the least-cost movement pathway with no obstructions imposed. In the second iteration, the first pathway was blocked, forcing the creation of a new pathway distinct from the original. In the third iteration, the first two pathways were blocked and an alternative route taken. These three distinct model runs produced primary, secondary, and tertiary movement pathways.
Highway crossing zone analysis We mapped the potential wildlife crossing zones along the Trans-Canada Highway by calculating the number of simulated pathway intersections along the highway. Our method often identified long sections of highway, which may be too generalized when recommending the placement of wildlife crossings. We addressed this problem by modifying the model to analyze 1-km-long segments of highway. Given the 120-m pixel size of habitat and topography layers and the obtained fit of the habitat models, we considered 1 km to be the minimum segment length we could safely use.
Model testing
We tested the accuracy of highway crossing zones predicted by black bear and elk movement models with an independent set of empirical crossing and mortality points. Data on grizzly bear and moose crossing and mortality were insufficient to test their models. Empirical crossing and mortality locations were defined as described earlier for expert models, but included snowtracking data for elk and moose. The method of testing also was the same as the previous model, i.e., whether empirical crossing points were randomly distributed with respect to the distance to the predicted crossing zones created by the models.
Within the fenced part of the Trans-Canada Highway (phases 1, 2, 3a: Fig. 20.1) , we evaluated correlations of the predicted regional movement patterns with frequency of use of the existing wildlife crossings by the four target species (Clevenger et al. 2002a) . We also identified the potential locations for highway mitigation on the unfenced phase 3B section of the Highway by plotting the pathway crossing frequencies by 1-km segments. We defined high crossing frequency segments as those that registered the number of intersections greater than the given distribution's mean value.
Results and discussion
The overall cross-validated classification accuracies and habitat model validation tests suggested that all of the models showed a reasonably good fit with the empirical data. In the black bear model there was strong statistical evidence that the empirical bear crossing and mortality locations were closer to predicted high-and moderateÀhigh-frequency crossing zones than expected by chance. Similarly, empirical elk winter crossing and mortality locations were closer to the predicted high-frequency crossing zones than random points, but there was no difference between empirical points and the moderateÀhigh-frequency crossing zone locations. We concluded that the model and empirical data correlated well (Clevenger et al. 2002a) .
We plotted the number of cumulative primary pathways and total pathways (primary, secondary, and tertiary) in relation to the existing wildlife crossings along the mitigated, fenced part of the Trans-Canada Highway. The predicted primary pathway crossing frequencies on km 0À24 of the Highway showed a close association with the empirical data for wildlife crossing use by the four large mammal species. We found a close association between total pathway crossing frequencies and observed wildlife crossing use on the same section of highway; however, this pattern was not as strong as the primary pathway crossings.
Primary pathway crossing frequencies between km 25 and 50 also showed a strong association with the empirical data for wildlife use of crossing structures. There were no highway segments with greater predicted than empirical crossings, nor were there any high predicted crossings in areas without crossing structures. Total pathway crossing frequencies compared to crossing structure use were nearly identical to the primary pathway crossing frequencies.
The models identified several areas along the 0À50 km mitigated section of highway that were noteworthy in terms of their importance for wildlife movement. These predicted crossing locations were in agreement with the rank-ordered importance of wildlife crossings as indicated by usage by all wildlife species (Clevenger et al. 2002a) .
At the species level, the pattern of movement across the entire length of the Trans-Canada Highway (km 0À86) as predicted by the species' movement models was consistent, varied slightly, and overall was similar to that described above at the group level. To roughly assess potential locations for wildlife crossings along the unmitigated section of the Highway (km 50À86), we weighted the four species equally, utilized the cumulative movement patterns generated by the models, and examined the intersection of primary and total pathways with the highway. Eight locations were indicated by high frequencies of predicted primary crossings across the highway (Fig. 20.2) . 
Planning of wildlife crossing placement
There are few methodological approaches to identify the placement of wildlife crossings along road corridors and even fewer ways to determine how to space them. The placement of crossings has generally been related to location, i.e., riparian corridors, road-kill hotspots, or wildlife travel or migration routes (Bekker et al. 1995; Evink 1996; Iuell 2003) . Generally, wildlife crossings are spaced at 1.5 to 2.0 km intervals (Evink 1996; Marshik et al. 2001; Clevenger et al. 2002a ).
We suggest a mitigation planning scheme that consists of (1) locating crossing structures in the area of key crossing zones as predicted by the models, and (2) locating additional crossings so that there is at least 1.5 km between all crossings. The proposed spacing interval is not empirically based, but knowledge of species' movement patterns, variability in movement patterns over time, and predictability of the impacts of landscape change will help guide planning.
Our results also suggest that by providing additional crossing opportunities in areas not identified by the model, the structures will be used if positioned and designed properly. To maximize connectivity across roads for multiple large mammal species, road construction schemes should include a diversity of crossing structures of mixed size classes. This strategy will likely provide greater permeability of roads by accommodating a variety of species and behavioral profiles (Clevenger and Waltho 2005) . Lastly, to improve the permeability of roads for small-and medium-sized mammals, we recommend that small culverts (smaller than wildlife crossing structures) be placed at intervals of 150À300 m to provide sufficient opportunities for smaller animals to avoid crossing busy roads. We also recommend a mixed size class of culverts to accommodate the greatest variety of species possible (Clevenger et al. 2001b ).
Local-scale movement models
Broad-scale linkage models have been important tools to identify critical habitats for conservation and to integrate land use planning with largescale conservation priorities. These mapping efforts have evaluated how road networks may undermine the integrity of large ecological networks, like the Yellowstone-to-Yukon ecoregion (L. Craighead, unpublished data). However, a key improvement to the linkage model concept for highway mitigation planning would require fine-scale resolution models that incorporate local habitat and highway-specific parameters necessary for placement of mitigation passages.
After creating regional-scale models to predict animal movements in our larger study area, we then focused specifically on the section of highway soon to be upgraded with crossings and fencing. Animal movement at the local level is likely to be influenced by the location and intensity of sound sources and viewshed variables such as vegetation density and distribution and hiding cover (Servheen and Sandstrom 1993; Reijnen and Foppen 1994; Mace et al. 1996) . Spatial models of sound propagation and terrain visibility that take into account local topography, vegetation type, and vegetation density would improve accuracy. In the final exercise, we modeled animal movements across our focal, unfenced section of the Trans-Canada Highway. These models differed from the regional models by inclusion of high-resolution, digital data layers for the upper Bow River Valley transportation corridor and the incorporation of sound and viewshed components.
Methods
Habitat model development We developed habitat probability surfaces for five large mammal species (elk, moose, black bear, grizzly bear, and wolf) in the unmitigated phase of the Trans-Canada Highway, phase 3B ( Fig. 20.1 ). Seasons were defined as in the regional model; for wolves they were the same as for elk.
The habitat selection analysis was carried out as described for the previous models. Most of our databases were at 1 : 50 000 scale or less. To facilitate local-level habitat and movement analyses, we created data sets comparable in resolution to the empirical data used to test the models, i.e., GPS-derived crossing and mortality data. All data sets were created at 10-m pixel resolution for the entire study area. We developed 21 biophysical variables in a GIS format grouped into six categories (Clevenger et al. 2002a) .
Movement model development As in the regional model earlier, we used individual-based models with rules for simulated movements based on habitat quality and permeability of landscape elements. We simulated movement patterns using 12 entry and exit points located on the periphery of the area (Fig. 20.3) . Nine entryÀexit points coincided with the movement corridors identified in the previous regional models; three secondary points were located at the entry to three prominent side valleys within the Bow Valley. Movements were simulated from all possible combinations of entry and exit points, as in the regional models.
Highway crossing zone analysis We mapped the potential wildlife crossing zones on the Trans-Canada Highway by calculating the number of simulated pathway intersections with segments of highway 200 m in length. We believed the 200-m segment to be small enough to match the resolution of the model and long enough to provide the flexibility in selecting locations for wildlife crossings. We ran the model for each species and season separately, as well as for the cumulative, all-species, allseason model. We considered the all-species iteration to be the most useful for planning highway mitigation measures, such as wildlife crossings, as they should reflect the multi-species, year-round habitat, and movement conditions in the valley.
Model testing
We tested the accuracy of highway crossing zones predicted by black bear, elk, and combined-species models as in the previous models, using empirical data and comparing their distributions with random points. We defined high-frequency crossing segments as in the regional model. 
Results and discussion
We generated nine habitat suitability models from the five species data sets. The overall cross-validated classification accuracies and validation tests suggested that all models showed a reasonably good fit with the empirical data. We found that the empirical black bear crossing/mortality locations were significantly closer to the modeled high-frequency crossing zones than expected by chance. There was no significant difference between the distances of the random and empirical elk winter crossing locations to the modeled high-frequency crossing zone; however, crossing locations on average were closer to the modeled high-frequency crossing zones than the random points. The empirical locations were significantly closer to the modeled high-frequency crossing zones for the cumulative model pathway intersections than expected by chance.
The increased resolution of spatial databases and the introduction of sound and viewshed models led to a marked improvement in the spatial resolution and reliability of the Trans-Canada Highway linkage model. It is worth stressing the wide applicability of the local-scale models to other planning issues in mountainous environments. The models could be applied to other human infrastructure, such as railways, trails, or other road systems. It is our long-term goal to adapt the models to allow the incorporation of spatial databases (e.g., forest cover data), thus extending its applicability to provincial lands in British Columbia and Alberta.
Management implications Expert-based models
There are several advantages to the expert-based techniques presented from our work. There are an assortment of GIS tools designed for model building purposes that are readily available today. GIS applications such as Idrisi (Clark University, Worcester, MA, USA), and ArcView (Environmental Systems Research Institute, Redlands, CA, USA) are relatively inexpensive and easy to use. Idrisi has decision support procedures as a program module built into the geographic analysis system. Remotely sensed data, digital landcover data, and habitat suitability maps are readily accessible, frequently updated, and refined for individual users or government agencies (Smith 1999; Serrano et al. 2002) . Further, empirical data from field studies of many wildlife species, particularly game species, are obtainable in most countries where road mitigation practices are implemented. The use of the Saaty's pair-wise comparison matrix requires little training and ensures consistency in developing relative weights in the development of the expert-based models (Saaty 1977) . This procedure is available in the Idrisi software package.
Both expert model types we presented can provide a useful tool for resource and transportation planners charged with determining the location of mitigation passages for wildlife when baseline information is lacking and when time constraints do not allow for pre-construction data collection. Regarding the latter, we spent approximately 2 months developing the empirical and expert models. More than half of that time was dedicated to developing the more complex, data-intensive, empirical black bear habitat model. We do not advocate modeling linkage zones using exclusively expert information if empirical data are available. However, we do encourage others with empirical data for model building and testing to develop expert models concurrently so that their findings may be contrasted with ours.
Multi-scale, regional, and local models Simulation studies have greatest value when computer models can be coupled with field studies, both to calibrate model parameters and to test or confirm model predictions (Bennett 1999; Tracey Chapter 14) . Statistical tests of our models showed that animal movement simulations consistently conformed to the empirical data on failed and successful highway crossings. Results from a mortality model we developed suggested an association between road crossing/mortality locations and areas of high-quality habitat (Clevenger et al. 2002a) . This corroborates the primary assumption of the movement model, i.e., that movement follows a least-cost path defined by the juxtaposition of high-quality habitat patches. The above results validate the use of the GIS-based linkage model in mapping wildlife crossing zones on a major highway.
We recognize there are shortcomings of the work presented. Due to the large spatial scale (pixel size ¼ 120 m) our regional models were generalized, and predicted crossing locations accordingly have a wide margin of error. Nevertheless, we feel they can be valuable tools for identifying locations of important bottlenecks or fracture zones at a regional scale. As suggested above, once these are identified, smaller, local-scale features of the landscape, including possible wildlife concerns and engineering constraints, can be evaluated to select the most appropriate site for wildlife crossings (Iuell 2003) . Modeling of local-scale movements using high-resolution data that include fine-scale elements of landscape conditions will provide greater precision and weight in planning mitigation in transportation projects.
In these two exercises, we have equally weighted all four species. However, some management strategies may give higher precedence to key species of conservation concern (Mills et al. 1993; Lambeck 1997) . Adjustments can be made to the models by weighting individual species according to management priorities. There are an assortment of techniques for the development of weights; however, one of the most promising appears to be that of pair-wise comparisons developed by Saaty (1977) as used in the expert-based model. It is particularly appealing because it serves as an excellent vehicle for discussion of the criteria and objectives involved and their relative strengths (Starfield and Herr 1991; Llewellyn et al. 1996) .
C ON C L U S I O N
During the past 30 years, the environmental impacts of transportation have been addressed through policy initiatives, planning and analysis, new programs, and new technologies (Transportation Research Board 1997; Button and Hensher 2001) . Wildlife conservation and habitat connectivity concerns have received little attention by transportation agencies until now, because the primary concern of most transportation agencies is regulatory compliance of federal and state laws, e.g., the US National Environmental Policy Act and Endangered Species Act (Evink 2002) . Traffic and roads are strongly implicated in many of the major environmental problems we face today: air and water pollution, fragmented natural habitats, wildlife and biodiversity losses, and urban sprawl. During the next 25 years, significant growth and changes in North America's population and economy are expected to occur. The impacts of roads on natural environments and the means of mitigating such damage are undoubtedly one of the most important land and wildlife conservation challenges of this new century.
Landscape-level thinking and ecosystem-level initiatives are becoming more common at federal, state, and provincial departments of transportation (US Department of Transportation 2006). These concerns have also percolated up to the US Congress. For the first time, the new transportation bill requires all state transportation departments to consult with resource agencies at the beginning of the planning process, if roads are built with federal money. Also, for the first time, the bill considers wildlifeÀvehicle collisions to be a major safety issue and allocates federal money for fencing, wildlife crossings, and other measures to reduce wildlife-related accidents.
Healthy and well-functioning ecosystems are vital to the protection of our diverse biological resources and to sustaining the economies and communities that rely on their products and benefits (Luck et al. 2003) . Federal and state transportation agencies have recognized that early stakeholder involvement and identification of issues and areas of concern is essential if their projects are to be environmentally sustainable. Recent developments in state-wide, GIS-based information for transportation planning and mapping priority habitat conservation needs provides an unprecedented opportunity to coordinate ecological and transportation networks at a state-wide scale.
State transportation plans such as Statewide Transportation Improvement Program (STIP) identify critical areas for infrastructure investments in the short and long term. Similarly, state natural resource agencies are developing comprehensive wildlife conservation strategies that address wildlife and habitat conservation issues (Anonymous 2004; The Biodiversity Partnership 2006). The marrying of transportation and ecological networks would significantly advance environmental streamlining. Integrating these plans would help ensure that habitat conservation and connectivity concerns appear at the beginning of the planning process and guide transportation and land management actions. Looking at the broader picture instead of reacting to a specific project is certainly a novel approach for transportation practitioners. Mapping ecological and transportation corridors will help better understand stakeholder concerns, prioritize agency objectives, and incorporate landscape patterns and processes in the planning and construction process (Forman 1987 ). An effort of this type would greatly enhance interagency collaboration while working toward a common goal À sustainable surface transportation.
We have described several modeling approaches in this chapter that can be used to identify fracture or conflict zones between transportation and habitat corridors. GIS-based connectivity models are becoming more popular with transportation and natural resource agencies charged with identifying and delineating barriers and corridors for animal movement (Singleton et al. 2002) . Nonetheless, surprisingly few states have actually integrated transportation and ecological networks using the wealth of data available in a GIS format (Smith 1999 ). These models can be particularly valuable tools for transportation planners and land managers as they are proactive, provide for the development of a more integrated land-use strategy by taking into account different land management practices, and help prioritize habitat conservation concerns.
It is our hope that the site-specific, one-dimension (linear), sectional road planning approach traditionally used by transportation practitioners quickly succumbs to more integrated, larger-scale methodological schemes that contemplate landscape patterns and ecological connectivity (Bennett 1999; Iuell 2003) . However, this cannot be realized without political and agency support. The emerging principles of road ecology are providing useful guidelines and best practices for mitigating road impacts on ecological connectivity, but they ultimately need to become embedded in federal and state administrative policies and legal frameworks. High-quality targeted research precedes effective applications. The need for more science-based knowledge for decision-making is urgent and unprecedented, as an aggressive transportation program is being carried out across the land. This will provide a sound scientific basis for effective planning, policy, and implementation. Perhaps more important, it will inspire confidence in individuals, agencies, and society as a whole that transportation impacts on wildlife, connectivity, and biodiversity loss is worthy of substantial and continuing investment.
